OBJECTIVE: To investigate energy expenditure in lean and obese individuals, focusing particularly on physical activity and severely obese individuals. DESIGN: Total daily energy expenditure (TDEE) was assessed using doubly labeled water, resting metabolic rate (RMR) by indirect calorimetry, activity energy expenditure (AEE) by difference and time spent in physical activity by multisensor activity monitors. SUBJECTS: In all, 177 lean, Class I and severely obese individuals (age 31-56 years, body mass index 20-64 kg m À 2 ) were analyzed. RESULTS: All components of energy expenditure were elevated in obese individuals. For example, TDEE was 2404±95 kcal per day in lean and 3244 ± 48 kcal per day in Class III obese individuals. After appropriate adjustment, RMR was similar in all groups. Analysis of AEE by body weight and obesity class indicated a lower AEE in obese individuals. Confirming lower physical activity, obese individuals spent less time engaged in moderate-to-vigorous physical activity (2.7±1.3, 1.8±0.6, 2.0±1.4 and 1.2±1.0 h per day in lean, Class I, Class II and Class III individuals) and more time in sedentary behaviors. CONCLUSIONS: There was no indication of metabolic efficiency in even the severely obese, as adjusted RMR was similar across all groups. The higher AEE observed in the obese is consistent with a higher cost of activities due to higher body weight. However, the magnitude of the higher AEE (20-25% higher in obese individuals) is lower than expected (weight approximately 100% higher in Class III individuals). Confirming a lower volume of physical activity in the obese, the total time spent in moderate-to-vigorous physical activity and average daily metabolic equivalent of task level were lower with increasing obesity. These findings demonstrate that high body weight in obese individuals leads to a high TDEE and AEE, which masks the fact that they are less physically active, which can be influenced by duration or intensity of activity, than in lean individuals.
INTRODUCTION
Although the relationship between energy expenditure and obesity has been studied for many years, the role that individual components of energy expenditure, particularly activity energy expenditure (AEE), have in obesity remains unclear. 1 Furthermore, there is a dearth of information regarding the contribution of energy expenditure to severe obesity (body mass index (BMI) 435 kg m À 2 ), which has increased faster than overall obesity during the past three decades. [2] [3] This is particularly troubling because of the increased prevalence of co-morbidities among the severely obese. [4] [5] Although a few studies suggest that a low energy expenditure is related to subsequent weight gain, 6 -10 total daily energy expenditure (TDEE) has been shown to be higher in obese individuals compared with lean individuals. [11] [12] [13] [14] Most cross-sectional studies have demonstrated that resting metabolic rate (RMR) by indirect calorimeter is greater in the obese individuals, but similar to that observed in lean individuals when appropriately adjusting for differences in body composition. [15] [16] [17] Because of the magnitude and variability of physical activity, it is a likely component of energy expenditure involved in the etiology of obesity. [18] [19] [20] However, the role of physical activity in weight control is not clear. 1 There are few cross-sectional studies of energy expenditure that include severely obese individuals. In a study limited to extremely obese women, high total energy expenditure (3415 kcal day) was observed. 21 In addition, energy expenditure was significantly higher (3057, 3511 and 3845 kcal per day) with increasing tertiles of BMI (40.8 ± 7, 49.5 ± 1.0 and 60.3 ± 2.2 kg m À 2
). In a crosssectional study, 22 RMR was found to be significantly higher in morbidly obese controls compared with lean controls (1990±86 vs 1407 ± 52; Po0.0001). These results suggest that severely obese individuals have higher energy expenditure, and that these individuals must consume very high levels of energy intake to maintain their excess weight.
Several methodological issues have hampered the elucidation of the relationship between physical activity and obesity. With the advent of the doubly labeled water method, when combined with measurement of RMR, accurate assessments of free-living AEE have been achieved. However, the doubly labeled water method does not provide any information about activity patterns or time spent in physical activity.
Therefore, to obtain a complete picture of physical activity, we combined multiple methods to assess TDEE, AEE and activity patterns in individuals covering a wide spectrum of obesity form, lean, Class I, Class II and Class III obese individuals.
SUBJECTS AND METHODS Design
35-39.9 kg m À 2 ) and Class III (BMI X40.0 kg m À 2 ) obese individuals (Table 1) . Participants were between the ages of 30 and 55 years. Most participants (86%) were women. The study was reviewed and approved by the human ethics committee of the University of Pittsburgh.
Body weight, height and waist circumference were measured using standard protocols. Body composition was determined by either dual energy X-ray absorptiometry (DXA, GE Healthcare, Madison, WI, USA) or by air displacement plethysmography (BodPod, COSMED, Chicago, IL, USA) in 24 subjects exceeding the weight capacity of the dual energy X-Ray absorptiometry scanner (GE Healthcare) (4136 kg), and in one control subject who refused to be measured by dual energy X-Ray absorptiometry.
Total daily energy expenditure TDEE was assessed using doubly labeled water. 23 After baseline samples were collected, subjects drank a mixture containing 2 g kg À 1 total body water of 10% H 2 18 O and 0.12 g kg À 1 total body water of 99 þ % 2 H 2 O. Postdose urine samples were collected 4.5 and 6 h later, after urine voids were discarded at 1.5 and 3 h. Two morning urine samples (not first void of the day) were collected 9-13 days after dosing. 26 The first 5 min were eliminated, as were outlier measurements during the final 25 min not within 5% of the mean RMR.
Physical activity
Energy expended in physical activity was calculated by subtracting measured RMR and estimated thermic effect of food from total energy expenditure: AEE ¼ TDEE À (RMR þ 0.10 (TDEE)).
Multisensor physical activity monitors (Sensewear Pro3; BodyMedia, Pittsburgh, PA, USA) were worn during the doubly labeled water period. Data were analyzed using SenseWear Pro armband software (version 5.1) (BodPod, BodyMedia, Inc., Pittsburgh, PA, USA). Parameters examined include time spent in moderate-to-vigorous physical activity (43 metabolic equivalent of task (METS)), time spent in sedentary (0-3 METS), moderate (3-6 METS), vigorous (6-9 METS) and very vigorous (49 METS) activity, hours of sleep, average daily MET level and measured steps per day. Only days in which the monitors were worn 485% of the day (mean±s.d., 96±2%) were included in the analyses (average ¼ 8.05±1.68 days).
Statistics
Subject characteristics and components of energy expenditure were compared using general linear model analysis of variance (SAS release 9.2 for Windows; SAS Institute Inc., Cary, NC, USA). Data are presented as means ± s.d., unless indicated otherwise. Various parameters were used in the analysis of variance models of energy expenditure as covariates to adjust for differences in body composition. To compare the relationship between energy expenditure and body weight or fat free mass (FFM) between groups, simultaneous tests of slopes and intercepts were conducted using analysis of variance. Post hoc tests for differences in group means were accomplished using Fisher's least significant difference test. Stepwise variable selection regression was used to develop a model to explain the variance in energy expenditure. Race was coded as 0 for Caucasian and 1 for African American, and sex was coded as 1 for men and 2 for women. Relative weight status was coded as 1-4 for lean through Class III obese.
RESULTS
By design, BMI, body weight and body composition of the four groups were significantly different (Table 1) . When comparing unadjusted energy expenditure across the four groups, all energy expenditure components were higher in the obese compared with lean individuals ( Figure 1 and Table 2 ). Although TDEE and RMR increased with increasing obesity, AEE did not. 27 Even after adjusting for FFM, RMR was significantly higher in all obese groups compared with the lean group ( Figure 2a and Table 2 ). However, when adjusting for body fat and FFM, there were no longer differences between the groups ( Table 2 ). The best prediction equation (r 2 ¼ 0.82, Po0.0001 with each parameter Po0.0002) for RMR (kcal per day) was as follows:
Similar to several published equations, 23, [28] [29] [30] [31] [32] in addition to FFM, body fat, race and age were significant parameters in the prediction equation, while sex was not.
All obese groups had a higher absolute AEE than observed in the lean group (Table 2) . No significant differences in AEE were observed between groups when adjusting for FFM or body weight. There was a highly significant, but weak, relationship between AEE and body weight in the entire cohort (r 2 ¼ 0.085, Po0.0001):
When this relationship was examined by obesity group, the relationship became much stronger, particularly for the lean group (r 2 ¼ 0.32), but declining with increasing obesity. In addition, there were significant (Po0.005) differences in the relationship between AEE and body weight between the four groups (Figure 2b ). This figure demonstrates shallower slopes (coefficient decreases from 25.0 kcal g À 1 for lean to 2.0 kcal kg À 1 body weight for Class III groups) and increasing intercepts when going from lean to Class III obese groups (see Figure 2 legend for regression equations). This relationship was significantly different between the lean group and the Class II (Po0.04) and Class III (Po0.01) groups, but did not quite reach significance in the Class I (P ¼ 0.062) group. Figure 2b shows that there was no relationship between AEE and body weight in the Class III group (r 2 ¼ 0.01). When normalizing AEE by dividing by body weight, AEE was lower in all obese groups, and lowest in the Class III group ( Table 2) .
The lower AEE observed in the obese compared with lean subjects in relation to their higher body weight could be explained by data obtained from the multisensor activity monitors. Obese individuals spent less time in moderate-tovigorous activities (43 METs) and more time in sedentary behaviors, leading to a significantly lower daily MET level (Table 3) . Obese individuals spent less time in each intensity activity compared with lean individuals. The lower time spent in activities and increased time spent in sedentary activities was most apparent in the Class III participants. The average daily number of steps accumulated tended to be lower with increasing obesity, and was significantly lower in the Class III obese group. There was no difference in hours of sleep between the groups. TDEE was higher with increasing obesity and higher in the Class III obese compared with all other groups ( Table 2 ). Similar differences in TDEE between groups were still observed after adjusting for FFM, but when adjusting for body weight, TDEE was lowest in Class III participants (Table 2 ). There was a reasonable relationship (r 2 ¼ 0.49, Po0.0001) between TDEE and body weight in the entire cohort. However, the relationship between TDEE and body weight was significantly different between the four groups (Po0.01). There was a relatively strong relation between TDEE and body weight in the lean group (r 2 ¼ 0.58; Figure 2c ). Although this relationship was significant in the obese groups, the three obese groups were significantly different from the lean group (Po0.03). There was also a significant difference between the Class I and Class III groups (Po0.01). The comparisons between Class I and II (P ¼ 0.08) and Class II and III (P ¼ 0.07) approached significance. Figure 2c illustrates the shallower slopes (coefficient decreases from 41.6 for lean to 28.2 kcal kg À 1 body weight for Class III groups) and increasing intercepts when going from lean to Class III obese groups. The best overall models of TDEE, including body weight (r 2 ¼ 0.55, Po0.0001) or body composition parameters (r 2 ¼ 0.70, Po0.0001), were as follows:
There was a tendency for TDEE to be lower with increasing age in the body composition model ( À 6.2 kcal per year), but this parameter did not quite reach significance (P ¼ 0.08) and explained o1% of the variance.
African-American participants (n ¼ 59) were heavier than Caucasians (113.8 ± 3.3 vs 104.2 ± 2.4 kg; Po0.02) and had higher body fat (55.5±2.4 vs 49.1±1.7 kg; Po0.03) and FFM (57.1±1.4 vs 53.8±1.0 kg; P ¼ 0.054). After adjusting for FFM and FM, TDEE was 227 kcal per day lower in AA compared with Caucasian participants (see TDEE equations above), with race explaining 3.2% of the variance. The majority of the lower TDEE was due to a 154 kcal per 34 ) in severely obese individuals. Based on the elevated TDEE, the Class III obese individuals would need to consume 35% more calories per day than lean individuals to maintain body weight. Although it is clear that the obese have a higher energy intake, we do not know whether such a high energy intake led to increased weight or is a consequence of the increased weight.
Another finding in this study was that absolute RMR was higher in obese groups even after normalizing for FFM, but was similar across all groups after normalizing for both FFM and fat mass. High RMR has previously been reported in morbidly obese individuals. 21, [35] [36] Therefore, these data do not support a low RMR being involved in the maintenance of even severe obesity. However, our cross-sectional findings do not preclude a role for a low RMR in the development of obesity.
The higher absolute AEE we observed in the obese is consistent with a higher cost of activities in obese individuals due to higher body weight. [37] [38] [39] While gross energy cost (J kg À 1 ) of walking has been shown to be similar in obese and normal weight subjects, net energy cost (gross À standing metabolic rate) has been shown to be higher in obese subjects. [38] [39] [40] Preferred walking speed of obese and normal weight individuals (1.41 vs 1.47 m s À 1 ) has been shown to be similar. 39 Furthermore, the gross energy cost of walking at the preferred walking speed was shown to be similar for lean and obese, men and women (between 2.81 and 3.04 J kg À 1 m À 1 ). Comparing the energy cost of walking for 1 h at 1.4 m s À 1 in a typical lean (63 kg) and Class III (124 kg) individual, using a gross energy cost of 3J kg À 1 m À 1 , shows that the energy cost is nearly twice as high in the Class III obese individual (448 vs 228 kcal). Therefore, the magnitude of the difference in AEE we observed in obese individuals (20-25% higher than lean) is lower than would be expected in light of the increased body weight (approximately 100% higher in Class III compared with lean individuals) if the obese individuals were as active as the lean individuals.
Our analysis of AEE vs body weight by obesity class indicated a lower AEE in relation to body weight in the obese (Figure 2b ). This is in contrast to the comparisons when using FFM or body weight as simple covariates, which indicated that AEE was similar in the four groups (Table 2) . However, when dividing AEE by body weight (Table 2) , we obtain results similar to our analysis of slopes and intercepts of AEE and body weight by obesity class (Figure 2b ), indicating that this may be an appropriate normalizing procedure when comparing AEE between groups. The procedure of calculating a physical activity index by dividing AEE by body weight has previously been shown to be appropriate for comparing the volume (intensity Â time) of physical activity between individuals. [41] [42] The energy expenditure (above resting) of several activities were shown to be proportional to body weight, with intercepts that did not differ from zero. 42 This approach has also been used to compare AEE in individuals with Prader-Willi syndrome 43 and when comparing AEE in a wide variety of individuals across multiple studies. 44 Further support for this normalizing procedure comes from studies showing similar energy cost per kg body weight in lean and obese adults when walking at their preferred walking speed, as described above and lean and obese children walking at the same speed on a treadmill. 45 Confirming a lower volume of physical activity in the obese, the total time spent in moderate-to-vigorous physical activity and average daily MET level were lower with increasing obesity, and was lowest in the Class III obese individuals. These data demonstrate that although TDEE and AEE are quite high in Class III obese groups because of high body weight, the lower than expected AEE in the obese groups was because of less time spent in activity and more time in sedentary behaviors. These results are consistent with the findings of others who have shown a relationship between obesity and sedentary behavior. Banks et al. 46 reported an association between sedentary behavior, measured by screen time, and prevalence of obesity in adults. Buchowski et al. 47 reported a direct relationship between BMI and sedentary behavior, with women in the highest quartile of sedentary behavior having a higher odds ratio of being at a BMI of 30-39 kg m À 2 (odds ratio ¼ 2.3) or X40 kg m À 2 (odds ratio ¼ 4.0) when compared with women in the lowest quartile of sedentary behavior. 47 Whether this lower activity level has a role in increased obesity or is a consequence of the increased weight is unknown.
When adjusting for body weight, TDEE was lowest in Class III obese individuals, indicating that their activity level was not proportional to their increased body weight when compared with less obese individuals. In support of this observation, examination of the relationship between TDEE and body weight by obesity class (Figure 2c) indicates that TDEE is lower in obese groups compared with the lean group in relation to their increased body weight.
As has been reported previously in lean and obese individuals, [30] [31] [48] [49] [50] [51] [52] [53] TDEE and RMR were significantly lower in the African-American participants than in Caucasians when adjusting for body composition. A 227 kcal per day lower TDEE observed in the African Americans was primarily due to a 154 kcal per day lower RMR. Our data confirm that the lower energy expenditure observed in African Americans is also observed in severely obese individuals. However, there was no racial difference in AEE.
In conclusion, the strengths of this study include the assessment of TDEE, RMR, AEE and physical activity patterns in a large number of individuals (n ¼ 177) covering a wide spectrum of obesity, including a substantial number of Class III obese individuals (n ¼ 98). We confirm that absolute TDEE is elevated in obese individuals, and is very high in severely obese individuals. However, after adjusting for differences in body composition, RMR was similar in all subjects. By combining objective measures of total and activity-related free-living energy expenditure, we demonstrate that obese individuals have a lower AEE than lean individuals in relation to their increased body weight. Furthermore, the lower AEE could be explained by less time spent in all intensities of physical activity and more time spent in sedentary behaviors. Our findings clearly demonstrate that a high TDEE in obese individuals masks a low level of physical activity. The low level of physical activity observed in the obese individuals, and particularly the severely obese, emphasizes the need for interventions targeting increased physical activity in these individuals. 
CONFLICT OF INTEREST

